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Description 

[0001] This Inv ntlon relates to th oxidation of al- 
kanes such as, for exampl , propan , to form unsatu- 
rated, carboxyiic aldehydes and acids such as, for ex- 
ample, acrolein and acryQc acid. 

Background of the Invention 

[0002] Processes for producing acrylic acid by vapor 
phase catalytic oxidation of propylene using molecular 
oxygen are known and used on an industrial scale. 
[0003] One of the typical processes for Industrial pro- 
duction of acrylic add Is as follows. Propylene Is con- 
verted mainly into acrolein and a small amount of acrylic 
acid in a first reaction step by supplying a mixture of pro- 
pylene, air and steam to produce the acrolein. The ac- 
rolein product is supplied to a second reactor without 
separation of products for the subsequent reaction of 
acrolein to form acrylic acid. Additional air and steam for 
the second step are supplied as required. 
[0004] In another typical process, the product gas 
containing acrylic acid obtained from the second reactor 
is introduced Into a collecting apparatus to obtain acrylic 
acid as an aqueous solution and a part of remaining 
waste gas containing unreacted propylene from the col- 
lecting apparatus is recycled to the first reactor inlet to- 
gether with the starting gas mixture of propylene, air and 
steam. 

[0005] Various improvements to the above-men- 
tioned processes have been proposed to produce acryl- 
ic acid efficiently by vapor phase catalytic oxidation of 
propylene. Many such Improvements have been direct- 
ed to the use of certain catalysts. Examples of catalysts 
used for industrial production are Mo-Bi composite ox- 
ide catalystB for the first step, I.e., acrolein production, 
and Mo-V composite oxide catalysts for the second 
step, I.e. acrylic add production. There are many rea- 
sons why the characteristics of these oxidation catalysts 
affect the economy of the processes. Primarily, the se- 
lectivity of the catalysts for the reactions affects the 
quantity of propylene used, and the catalyst activity In 
the reactions affects the space time yield of acrylic acid. 
[0006] Further enhancements directed to the use of 
propane as a feed source are desired because propane 
Is more readily available and less expensive than pro- 
pylene. It would be desirable if the propane could be si- 
multaneously utilized to enhance the reaction effidency 
of the processes in addition to being a feed source. 
[0007] EP-A-1 1 7,146 discloses a three-stage process 
for the preparation of acrylic acid from propane wherein, 
In the first stage, propane is converted to propene and 
hydrogen. 

Summary of the Invention 

[0008] By the present Invention, improved continuous 
process s ar provided for the conv rsion of alkan s 
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such as, for xampie, propane, to unsaturated alde- 
hydes such as, for example, aero! In, and adds such 
as, for example, acrylic acid. 
[0009] Th present inv ntlon provid s a process for 
s produdng an unsaturated carboxyiic acid having 3 to 5 
carbon atoms per molecule comprising 



(i) passing a feedstream comprising an alkane hav- 
ing 3 to 5 carbon atoms per molecule, oxygen and 
a recycle gas comprising the alkane, an alkene hav- 
ing the same number of carbon atoms as said al- 
kane, oxygen and at least one of carbon monoxide 
or carbon dioxide to an alkene reaction zone where- 
in the feedstream Is contacted with an alkene reac- 
tion catalyst at conditions effective to promote the 
oxidation of the alkane to provide a first effluent 
stream comprising the alkene, unreacted alkane 
and water; 

(ii) passing the first effluent stream to an aldehyde 
reaction zone wherein the first effluent stream is 
contacted with an aldehyde reaction catalyst at con- 
ditions effective to promote the conversion of the 
alkene to an aldehyde having the same number of 
carbon atoms as said alkene to provide a second 
effluent stream comprising the aldehyde, the alkene 
and the alkane; 

(10) passing the second effluent stream to a carbox- 
yiic add reaction zone wherein the second effluent 
stream is contacted with a carboxyiic acid reaction 
catalyst at conditions effective to promote the con- 
version of the aldehyde to an unsaturated carboxy- 
iic acid having the same number of carbon atoms 
as said aldehyde to provide a third effluent stream 
comprising the alkene, the alkane, the unsaturated 
carboxyiic add and at least one of carbon monoxide 
or carbon dioxide; 

(rv) separating the third effluent stream into a liquid 
product stream comprising the carboxyiic add and 
a recycle gas stream comprising said recycle gas; 
and 

(v) recydlng at least a portion of the recyde gas 
stream to the alkene reaction zone to comprise a 
portion of said feedstream; 
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wherein the recycle gas stream comprises an ef- 
fective amount of the alkane to enhance the efficiency 
of the aidehyde formation in the aldehyde reaction zone. 
[0010] In the processes of the present Invention, an 
alkane having from 3 to 5 carbon atoms per molecule, 
so e.g. , propane, is first converted to an alkene having the 
same number of carbon atoms as the alkane, e.g., pro- 
pylene, and then alkene is converted to an unsaturated 
aldehyde having the same number of carbon atoms as 
the alkene, e.g., acrolein. The aldehyde is then convert- 
55 ed to an unsaturated carboxyiic acid having the same 
number of carbon atoms as the aldehyde, e.g., acrylic 
acid. 

[0011] By operating at low propane-to-propyl necon- 
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verelon In accordanc wlthth pr s nt Invention, th 8 - 
lectMty to propylene can b mad un xpect dly high, 
.g., betw en 80 and 100 mole%. Since th pr 6 nee 
ofpropan has been found to nhancethe ffidency of 
the propylene-to-acrolein reaction, the low propane con- 
version is not detrimental to the process. Indeed, even 
though the feed to the acrolein reactor may contain pro- 
pylene In low concentrations, e.g., 5 to 20 mo!e%, the 
low-conversion, high-selectivity mode of operation can 
be highly efficient provided un reacted propane Is recy- 
cled to the propane oxidation reactor. Recycle operation 
is particularly feasible in accordance with the present 
invention because oxydehydrogenatlon catalysts, 
which are preferred for use In the present invention, are 
substantially unaffected by species such as carbon ox- 
ides and water which are formed in the acrolein reactor. 
Hence, after recovery of the acrolein, the noncondensed 
gases containing propane may be recycled without sig- 
nificant, additional purification steps. 

Brief Description of the Drawings 

(0012] Figure 1 is a simplified process flow diagram 
of a process for converting propane to acrolein in ac- 
cordance with the present Invention. 
[001 3] Figure 2 is a simplified process flow diagram 
of a process for converting propane to acrylic add In ac- 
cordance with the present invention. 

Detailed Description of the Invention 

[0014] In the present Invention, as the starting mate- 
rial atkane It Is preferred to employ propane, Isobutane 
or n-butane. As the starting material, propane or isobu- 
tane Is most preferred. According to the processes of 
the present invention, from such an aiicane, an unsatu- 
rated carboxyllc acid such as an alpha, beta -unsaturat- 
ed carboxylic acid can be obtained. For example, when 
propane or isobutane is used as the starting material 
alkane, acrylic acid or methacrylic acid can be obtained, 
respectively. 

[0015] The purity of the starting material alkane is not 
particularly limited, and an alkane containing a lower al- 
kane such as methane, air or carbon dioxide, as impu- 
rities, may be used. Further, the starting material alkane 
may be a mixture of various alkanes. Typically, the feed 
will comprise at least 30 mole percent, preferably at 
least 50 mole percent and more preferably at least 80 
mole percent propane. The source of the alkane, e.g., 
propane feed, for use in the process of the present in- 
vention Is not critical. 

[0016] Although the Invention is mainly hereinafter 
described with reference to propane, acrolein and acryl- 
ic acid, those skilled In the art will recognize that the 
present Invention Is also applicable to butane, methac- 
roleln and methacrylic acid and other hydrocarbons, e. 
g. or pentane. 

[0017] Theoxyg nsourc for us intheproc ss sof 



the present Invention (both for propan oxidation and 
propylene oxidation) is not critical. However, the us of 
airlsnotpreferr db cause the nitrogen cent mean ad- 
versely affect th ability to recyd (fluent gas s. Pref- 
5 erably, the oxygen source comprises at least 90 mole 
percent and more preferably at least 05 mole percent 
oxygen. The ratio of propane to oxygen varies with the 
desired conversion and the selectivity of the catalyst, 
but generally Is in the range of 5/1-40/1. The reaction 

io can also be conducted In the presence of diluents such 
as. for example, steam. Such diluents, when employed, 
can be fed at 0-50 times the partial pressure of the pro- 
pane, with 0.2-1 0 times being usual. 
[0018] in the propane-to-propytene reaction, it is pre- 

« ferred to employ a starting material gas which contains 
steam. In such a case, as a starting material gas to be 
supplied to the propane reactor, a gas mixture compris- 
ing 6team-contaln!ng propane and an oxygen-contain- 
ing gas, is usually used. However, the steam-containing 

so propane and the oxygen-containing gas may be alter- 
nately supplied to the reaction system. The steam to be 
employed may be present in the form of steam gas in 
the reaction system, and the manner of its Introduction 
is not particularly limited. However, steam is not ess en - 

25 tial in the process of the present invention. 

[001 9] Any catalyst effective for the conversion of pro- 
pane to propylene is suitable for use in the present in- 
vention. Preferred catalysts Include, for example, oxy- 
dehydrogenatlon catalysts which comprise promoted 

so MoVNb oxides, vanadyl pyrophosphate and other oxy- 
dehydrogenatlon catalysts. Such catalysts and others 
suitable for the oxidation of propane are described, for 
example, In U.S. Pat Nos. 4,148,757, 4,212,768, 
4,260,822 and 5,198, 580 and by E. M. Thorsteinson, 

35 T. P. Wilson, F. G. Young, and P. H. Kasal, J. Catal., 52, 
116(1978). 

[0020] An example of a suitable catalyst for use in ac- 
cordance with the present Invention is a catalyst con- 
taining a mixed metal oxide comprising, as essential 

40 components, Mo, V, Te, O and X, wherein X Is at least 
one element selected from the group consisting of nio- 
bium, tantalum, tungsten, titanium, aluminum, zirconi- 
um, chromium, manganese, iron, ruthenium, cobalt, 
rhodium, nickel, palladium, platinum, antimony, bis- 

«* muth, boron, indium and cerium, wherein the propor- 
tions of the respective essential components, based on 
the total amount of the essential components exclusive 
of oxygen, satisfy the following formulas: 

50 

0.25 <r Mo < 0.98 



0.003 <rV<0.5 

55 

0.003 <rTe< 0JS 
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0.003 <rX<0.5 

wherein r Mo, r V , r Te and r X are molar fractions 
of Mo, V, T and X, r spectively, based on the total 
amount of the essential components exclusive of oxy- 
gen. This catalyst Is further described In U.S. Pat No. 
5,380,033. 

[0021] For the propane oxidation, the reaction tem- 
perature Is usually from 200 to 550°C, preferably from 
250 to 450°C, more preferably from 350 to 440°C The 
gas hourly space velocity In the vapor-phase reaction is 
usually within a range of from 100 to 10,000 hr 1 , pref- 
erably from 300 to 6,000 hr 1 . more preferably from 1 000 
to 4,000 hr 1 . As used herein, "gas hourly space velocity" 
means the volume of reactant gas at standard condi- 
tions (0°C and 101 kPa (1 atm) pressure) passed over 
the catalyst In one hour divided by the total volume oc- 
cupied by the catalyst. Further, as a diluting gas to adjust 
the space velocity and the oxygen partial pressure, an 
Inert gas such as nitrogen, argon or helium may be em- 
ployed. This reaction is typically conducted at a slightly 
elevated pressure, e.g., 203 to 608 kPa (2 to 6 atm). 
[0022] Any suitable reactor sequence known to those 
skilled In the art may be used for the propane-to-propyl- 
ene reaction. For example, the reaction can be conduct- 
ed in a single stage, or can be conducted in two or more 
stages with oxygen Introduction between the stages 
where Introduction of the entire oxygen requirement at 
a single point could create flammable process mixtures. 
Further details on the conversion of propane to propyl- 
ene and suitable equipment, e.g., reactors, are known 
to those skilled in the art. 

[0023] In the propane-to-propylene reaction, particu- 
larly in the case of the propane oxydehydrogenation re- 
action, the propylene selectivity decreases with increas- 
ing propane conversion. Preferably, the propane-to-pro- 
pylene reaction is conducted to provide for relatively low 
conversions of propane with high selectivities to propyl- 
ene. More specifically, It is preferred that the conversion 
of propane be from 5 to 40 percent and more preferably 
from 1 0 to 30 percent. As used herein, the term "propane 
conversion" means the percentage of propane fed 
which Is reacted. It Is preferred that the selectivity of the 
conversion of propane to propylene be from 50 to 98 
percent and more preferably from 80 to 98 percent. As 
used herein, the term "propylene selectivity" means the 
moles of propylene produced per mole of propane re- 
acted expressed as a percentage. 
[0024] In the present invention, propylene and oxygen 
are reacted over a catalyst at elevated temperature to 
produce acrolein. Water Is a co-product of the reaction. 
A number of by-products are formed including carbon 
monoxide, carbon dioxide, formaldehyde, acetalde- 
hyde, acetic acid and acrylic add. Neither the propylene 
nor the oxygen In the reactor feed Is totally converted. 
The noncondensabte components in the reaction prod- 
uct, .g., oxygen, propylene, carbon monoxid .carbon 



dloxid .propane and other light hydrocarbons, ar s p- 
arat d from the condensabl organic compounds, com- 
press d and pr f rably r cycled to the reactor Inlet In 
this way, utilization of oxygen and propyl en canb v ry 
9 high. 

[0025] In one aspect of the present invention, the pro- 
pylene-to-acrolein reaction is preferably conducted in 
the presence of an essentially anhydrous diluent gas 
such as described In U.S. Pat No. 5,198,576. The es- 

w sentially anhydrous diluent gas typically comprises a 
mixture of nitrogen, carbon dioxide, methane, ethane 
and propane; however, any other essentially anhydrous 
Inert gas can be included. Some other useful Inert gases 
include heOum, argon, hydrogen, saturated hydrocar- 

15 bon gases, N 2 0, and carbon monoxide. When water is 
present as a trace impurity In any of the materials Intro- 
duced Into the reactors, at the elevated temperature re- 
quired for these reactions the water Is Immediately con- 
verted to steam. 

£0 [0026] In other aspects of the present invention, some 
steam, e.g., 0.3 to 8 moles per moles of propylene, may 
be utilized in the propylene-to-acrolein reaction. In these 
aspects, the steam may be effective in promoting the 
process possibly because it facilitates the desorption of 

& the main products of the catalytic vapor-phase oxidation 
of propylene, i.e., acrolein and acrylic add, or possibly 
because it participates directly In the reaction. 
[0027] The propylene-to-acrolein reaction is not de- 
pendent upon any particular catalyst and any catalysts 

so effective for the conversion of propylene to acrolein may 
be used. Typical catalysts are molybdenum-bismuth- 
Iron-based mixed-metal-oxlde oxidation catalysts, such 
as, for example, those disdosed In U.S. Pat Nos. 
3,825,600, 3,649,930, 4,339,355, 5,077,434 or 

as 5,218,146. It may also be possible to conduct both the 
propane-to-propylene and propylene-to-acrolein reac- 
tions in a single reactor with one or more stages. 
[0028] An example of a catalyst suitable for the pro- 
pylene-to-acrolein reaction is an oxide catalyst contain- 

40 (ng Mo, Fe, and Bi. This catalyst Is represented by the 
following general formula: 

Mo.W b B( D Fto d A B B l C g D h 0 8 

45' 

wherein Mo is molybdenum, Bi is bismuth, W is tung- 
sten, Fe Is Iron, O is oxygen, A is at least one element 
selected from the group consisting of nickel and cobalt, 
B is at least one element selected from the group con- 
so sistlng of alkali metals, alkaline earth metals, and thal- 
lium, C is at (east one element selected from the group 
consisting of phosphorus, arsenic, boron, and niobium, 
and D is at least one element selected from the group 
consisting of silicon, aluminum, and titanium, and the 
55 subscripts a, b, c, d, e, f , g, h, and x are respectively the 
numbers of atoms of the elements Mo, W, Bi, Fe, A, B, 
C, D, and O, providing that a » 2 to 10, b = 0 to 10, on 
condition that a + b = 12, c «= 0.1 to 10.0 d = 0.1 to 10, 
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e = 2 to 20, f = 0.005 to 3.0, g = 0 to 4, h = 0.5 to 15, 
and x Is a number required to satisfy th valance r qulr - 
mentsofth other lemerrts. This catalyst is described 
In U.S. Pat No. 5,216,146. 

[0029] The catalysts for use In the processes of the 
present Invention may be in the form of pellets, beads, 
or rings containing a through hole which are produced 
by a tableting machine or an extruding machine or oth- 
erwise In a form having catalytic components deposited 
on a refractory carrier. Suitable propylene-to-acrolein 
catalysts are commercially available, for example, from 
Nippon Shokubai, Tokyo, Japan; Nippon Kayaku, To- 
kyo, Japan; and Mitsubishi, Tokyo, Japan. 
[0030] As regards the acrolein reaction gas composi- 
tion, the content of propylene is in the range of 5 to 30 
volume percent, preferably 7 to 15 volume percent, that 
of oxygen in the range of 8 to 40 volume percent, pref- 
erably 12 to 30 volume percent, that of a saturated 
aliphatic hydrocarbon having 3 to 5 carbon atoms, pref- 
erably 3 carbon atoms, e.g., propane, in the range of 5 
to 70 volume percent, preferably 10 to 60 volume per- 
cent, that of carbon monoxide in the range of 0 to 50 
volume percent, preferably 15 to 45 volume percent, 
that of carbon dioxide In the range of 0 to 50 volume 
percent, preferably 5 to 40 volume percent, (providing 
that the total content of the hydrocarbon, carbon mon- 
oxide and carbon dioxide is in the range of 40 to 90 vol- 
ume percent, preferably 60 to 85 volume percent), and 
that of steam, when present, In the range of 0 to 50 vol- 
ume percent, preferably 5 to 40 volume percent, (pro- 
viding that the molar ratio of steam to propylene is In the 
range of 0.3 to 6, preferably 0.3 to 5), the molar ratio of 
oxygen to propylene is in the range of 1 .0 to 2.5, pref- 
erably 1 .5 to 2.0, and the contact time is in the range of 
0.3 to 15 seconds, preferably 0.5 to 1.2 seconds. The 
catalyst Is preferably capable of effecting a conversion 
of propylene of not less than 70 mole percent, preferably 
not less than 80 mole percent 
[0031 ] Preferably, the concentration of propane in the 
feedstream to the acrolein reaction zone is from 5 to 70 
volume percent, more preferably from 10 to 60 volume 
percent and most preferably from 1 0 to 40 volume per- 
cent, based on the total volume of the feedstream. As 
used herein, the terms "mole percent" and Volume per- 
cent" are equivalent as they relate to the concentrations 
of components In vapor streams. 
[0032] Quite surprisingly, It has been found that the 
propylene-to-acrolein reaction efficiency can be sub- 
stantially enhanced when using propane-containing 
feedstreams as described above. Preferably, the acro- 
lein reaction efficiency is from 65 to 97 percent and more 
preferably from 75 to 90 percent As used herein, the 
term "propylene-to-acrolein reaction efficiency" means 
moles acrolein produced per mole propylene fed ex- 
pressed as a percentage. 

[0033] Typically, approximate ranges for feed compo- 
sitions ar defined based on the generalized operating 
constraints discuss d abov . Propyl ne-to-acrol in r - 



action feeds in the following quantities ar typically par- 
ticularly useful: 

Propylene: Up to 1 6 g-mole per hour/liter of acrolein 
* reaction catalyst, preferably up to 10 g-mole per 
hour/liter of acrolein reaction catalyst; 
Oxygen: 1.1 to 2.1 :1 Oa/CgHe ratio, such that there 
is up to 33.6 g-moie per hour Obiter of acrolein re- 
action catalyst, preferably up to 21 g-mole per hour 
10 Oj/Ilter of acrolein reaction catalyst; 

Diluent: 0.7 to 16:1 Inert diluent/C 3 He ratio, prefer- 
ably 2 to 10:1 inert diluent/CgHe ratio. 

[0034] The general reaction conditions ere not nar- 
1S rowty critical, and are those known to the art. The pro- 
pylene-to-acrolein reaction operates at temperatures of 
250 to 450° C, although temperatures of 270 to 425° C 
are preferred. 

[0035] Operating pressures of 101 to 405 kPa (1 to 4 
& atm) are typical, although subatmospheric, atmospher- 
ic, or superatmospherlc pressures may be used. Pre- 
ferred commercial modes of operation win often mini- 
mize pressures, but pressures are typically held in the 
203 to 304 kPa (2-to 3-atm) range due to system pres- 
2* sure-drop constraints. 

[0036] Row rates can be varied to achieve contact 
times of from 0.2 to 2 seconds in the propylene-to-acro- 
lein reaction; however, typical commercial flows provide 
0.3 to 1 .5 seconds contact time. Contact times of 0.5 to 
so 1.2 seconds are preferred. As used herein, "contact 
time" Is defined as the ratio of the open volume In the 
catalyst bed to the process volumetric flow at process 
conditions. 

[0037] The type of reactor used In the conversion of 

33 propylene to acrolein is not critical and may be, for ex- 
ample, a fixed-bed, tubular-flow reactor with liquid cool- 
ant passed through the shell. Fluidized bed reactors 
may also be employed. Further details of suitable reac- 
tors are known to those skilled In the art 

to [0038] The propylene reaction zone and the acrolein 
reaction zone may, for example, be combined in a single 
reactor, in this case, the propylene reaction catalyst and 
the acrolein reaction catalyst may, for example, be com- 
mingled. They may also, for example, be contained with - 

45 in separate zones with said reactor. 

[0039] The catalyst for use in the acroleln-to-acryllc 
acid reaction can be any catalyst suitable for the con- 
version of acrolein to acrylic acid and may be the same 
or different than the catalyst used to oxidize the pro- 

so pane. Preferably, the acrolein oxidation catalyst is an ox- 
ide catalyst containing molybdenum and vanadium, 
preferably an oxide catalyst represented by the follow- 
ing general formula: 

55 M 0ni V n Q q R r S 8 T t O y 

wherein Mo is molybdenum, V is vanadium; Q is 
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at I ast on lement selected from the group consisting 
of tungsten and niobium, R Is at I ast on m mber se- 
lected from th group consisting of Iron, copper, bis- 
muth, chromium, and atimony, S Is at least on lement 
selected from the group consisting of alkali metals and 
alkaline earth metals, Tie at least one element selected 
from the group consisting of silicon, aluminum and tita- 
nium, and 0 is oxygen and the subscripts m, n, q, r, 6, t, 
and y are respectively the numbers of atoms of the cor- 
responding elements, providing that n = 2 to 14, q = o 
to12,r = 0to6,s=0to6,t=Oto 30 where m = 12, and 
y is a number determined by the valance requirements 
of the other elements in the oxidation states. This type 
of catalyst Is further described In U .S . Pat No 5,21 8, 146. 
Other catalysts for the conversion of acrolein to acrylic 
acid are described in U.S. Pat Nos. 4,892,656, 
5,077,434, 5,198,580 and 5,380,933 for example. Suit- 
able acrolein-to-acrylie add catalysts are commercially 
available, for example, from Nippon Shokubai, Tokyo, 
Japan. 

[0040] As regards the conditions for the acrolein oxi- 
dation, the reaction temperature is typical ty in the range 
of 1 80»C to 350°C, preferably 200*C to 320°C, and the 
contact time is in the range of 1 .0 to 7.2 seconds, pref- 
erably 1 .6 to 6.0 seconds. 

[0041] Preferably, In accordance with the present in- 
vention, the conversion of acrolein to acrylic acid is from 
90 to 99 percent or greater and more preferably from 95 
to 99 percent or greater. Preferably, the overall conver- 
sion of producing acrylic acid from propylene over the 
two-stage operation in a per pass yield is not less than 
70 mol %, preferably not less than 80 mol %. 
[0042] The acrylic acid produced in the process of the 
present invention may be recovered by any means 
known to those skilled In the art, e.g., by absorption or 
fractionation, or further processes as disclosed in U.S. 
Pat No. 4,999,452. 

[0043] The invention is hereafter described with ref- 
erence to Figure 1 and Figure 2 which are not intended 
to limit the scope of the claims that follow. 
[0044] Figure 1 represents the process configured to 
produce primarily acrolein. Small amounts of acrylic ac- 
id would also be made and could be recovered as a co- 
product, if desired. A gaseous propane feedstream 10 
comprising 90 mol% propane and 10 mol % propylene 
and a gaseous oxygen feedstream 11 are fed to reactor 
99, I.e., atkene reaction zone,containing a heterogene- 
ous oxidative dehydrogenation catalyst, I.e., an alkene 
reaction catalyst, such as the preferred catalysts de- 
scribed herein. The oxygen feed may be pure, or an air 
feed may be used. Recycle stream 16 is also fed to re- 
actor 99. Stream 1 6 contains unconverted propane and 
oxygen which passed through the process without con- 
version at an earlier time. Stream 1 6 also contains pro- 
pylene and water and various noncondensable gases 
which are not reactive in the process. Non-reactive gas- 
es would include, but not b limit d to, carbon dioxide 
and carbon monoxide, and for the air-bas d process, 



nitrogen. All f edstreamsarepr heated to approximat • 
fy th operating t mperature of reactor 99, which op r- 
ates at b tw n 300 and 400 *C. The pressure of the 
feedstreams is slightly greater than the reactor pres- 

5 sure, which is between 103 and 414 kPa absolut (15 
and 60 psla). Reactor 99 Is preferably operated at con- 
versions which provide enhanced conversion to acrolein 
In reactor 100 (described below). Quite surprisingly, 
these conversions are lower than the highest conver- 

10 sions possible in the propane oxidation reactor. The 
gaseous species and the soBd catalyst are contacted 
effectively in the reactor, which may have various de- 
signs including fixed or fluldized catalyst beds. The pro- 
pane conversion to propylene is In the range of 10 to 

15 40%. The gas product stream 9 contains the propylene 
product, unreacted propane and oxygen, water, small 
amounts by-products, and the nonreactlve feed spe- 
cies. 

[0045] The crude propylene product stream 9 is 

20 passed directly, without purification, to the propylene ox- 
idation reactor 10, I.e., aldehyde reaction zone, where 
the contained propylene is oxidized to acrolein. Addi- 
tional oxygen is fed to reactor 1 00 in stream 8. Reactor 
1 00 contains a heterogeneous catalyst for the oxidation 

25 of propylene, i.e., aldehyde reaction catalyst, such as 
the preferred catalysts described herein. The gaseous 
reactant and solid catalyst are contacted effectively in 
the reactor, which may have various designs Including 
fixed or fluldized catalyst beds. Reactor 1 00 operates In 

so the temperature range of 300 to 400 °C and a pressure 
range of 103 to 345 kPa absolute (15 to 50 psla). The 
conversion of the contained propylene Is approximately 
90%, but may be In the range of 70 to 1 00%. The prin- 
cipal product Is acrolein with acrylic acid being a minor 

35 co-product. The effluent stream 12 is immediately 
cooled to approximately 250 °C fn after cooler 101. 
Stream 12 has a pressure of approximately 138 kPa ab- 
solute (20 psla), but it can range from 103 to 345 kPa 
absolute (1 5 to 50 psla). 

40 [0046] An additional advantage to the propane feed- 
stock for acrolein production Is the reduced temperature 
severity of the acrolein reactor. The higher heat capacity 
of propane, compared to conventional diluents such as 
nitrogen and steam, can reduce the hot spot tempera- 

45 ture and moderate the temperature variation throughout 
the acrolein reactor. The lower temperature leads to re- 
duced conversion to acrylic acid and carbon oxides and 
enhanced selectivity to acrolein. 
[0047] A wide variety of recovery and refinfng 

so schemes known to those skilled in the art, e.g., absorp- 
tion and fractionation, may be employed to separate ac- 
rolein from effluent stream 12. A preferred feature of the 
separation scheme is that it avoid contamination of the 
gas stream with potential catalyst poisons. The pres- 

55 ence of poisons for either the oxydehydrogenation cat- 
alyst or the acrolein catalyst would preclude direct recy- 
cle of the unr acted gases back to the reactor se- 
quence. Th recover d acrol in is remov d from the 
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8 paration unit in str am 13 and th unread d gases 
leave the unit In stream 14. The temp nature and pr s- 
sur of stream 14 d pend upon the specific acrol Ip 
s paration proc ss us d, but wfll typically be In th 
range of 30 to 70 "C and 103 to 207 kPa absolute (15 
to 30 psla). Stream 14 Is composed of propane, propyl- 
ene, oxygen and various non reactive gases noted pre- 
viously. Stream 14 Is divided Into recycle stream 16, 
which contains the majority of the flow, and the small 
purge stream 15. The magnitude of purge stream 15 Is 
selected to prevent the slow accumulation of minor, but 
undesirable, reaction by-products. Stream 16 is com- 
pressed to a pressure slightly above the working pres- 
sure of reactor 99 and mixed with feedstreams 10 and 
11. 

[0048] Figure 2 represents the process configured to 
produce acrylic acid by Incorporating a third reactor po- 
sitioned after the acrolein reactor. Operation of the ox- 
ydehydrogenation reactor 1 99 is the same as operation 
of reactor 99 in Figure 1 . Operation of the acrolein re- 
actor 200 Is very similar to the operation of reactor 1 00, 
with the possible exception that the temperature, pres- 
sure end/or oxygen content may be shifted modestly to 
favor the formation of acrylic acid over acrolein. Dis- 
charge stream 22 from reactor 200 Is not cooled but 
rather is combined with additional oxygen from stream 
23 to form feedstream 24, which enters acrylic add re- 
actor 201 , i.e., carboxylic acid reaction zone. 
[0049] Reactor 201 contains a heterogeneous cata- 
lyst for the conversion of acrolein to acrylic acid, i.e., 
carboxylic acid reaction catalyst, such as the preferred 
catalysts described herein. Reactor 201 is designed to 
contact effectively the catalyst and reactant gases. The 
conversion of acrolein to acrylic acid is high, in the range 
of 70 to 100%. The effluent gases are cooled in after 
cooler 202 and routed In stream 25 to acrylic acid recov- 
ery unit 203. 

[0050] Many possible recovery schemes known to 
those skilled in the art are possible for separating acrylic 
acid from the residual reactants, gaseous by-products 
and diluent gases. As for the acrolein process shown In 
Figure 1 , a preferred feature of the separation scheme 
is that it avoid contamination of the gas stream with po- 
tential catalyst poisons. The presence of poisons for ei- 
ther the oxydehydrogenatlon catalyst or the acrolein/ 
acrylic acid catalyst would preclude direct recycle of the 
unreacted gases back to the reactor sequence. The re- 
covered acrylic acid is removed from the separation unit 
in stream 26 and the unreacted gases leave the unit in 
stream 27. The temperature and pressure of stream 27 
depend upon the specific acrylic acid separation proc- 
ess used, but wiD typically be in the range of 30 to 70 °C 
and 1 03 to 207 kPa absolute (1 5 to 30 psla). Stream 27 
Is composed of propane, propylene, oxygen and various 
nonreactive gases such as carbon monoxide, carbon di- 
oxide, and, for an air-base process, nitrogen. Stream 27 
is divid d into recycle stream 29, which contains the ma- 
jority of the flow, and the small purg stream 28. Th 



magnitude of purg stream 28 is s led dtoprev ntth 
slow accumulation of minor, but undeslrabl , r action 
by-products. Str am 29 is compressed to a pressur 
slightly abov th working pr ssur of reactor 199 and 
5 mixed with feedstreams 20 and 21 . 

EXAMPLES 

[0051] The following examples ere provided for Ulus- 
10 trative purposes and are not Intended to limit the scope 
of the claims which follow: 

EXAMPLE 1 

w [0052] This example shows the effect of utilizing pro- 
pane to Improve the efficiency of the reaction of propyl- 
ene to acrolein. The experiments were carried out in a 
pilot-scale reactor system of two single reactor tubes of 
typical commercial dimensions. The first reactor tube 

x> contained a commercial propylene-to-acrolein catalyst 
which Is comprised of bismuth, molybdenum, and iron 
oxides and other promoters, I.e., ACF-2, available from 
Nippon Shokubai. The second stage, which was dose- 
coupled to the first, contained a commercial acroleln-to- 

23 acrylic acid catalyst comprised of bismuth, molybde- 
num, and iron oxides and other promoters, i.e., ACS-4, 
available from Nippon Shokubai. The second stage was 
used as an effective means of converting acrolein for 
disposal. Each stage had a jacket of a heat transfer fluid 

30 to remove heat of reaction. Thermocouples were placed 
strategically to measure hot spots in each system. The 
gaseous reactants were introduced via gas mass flow 
meters. The pressure at the entrance of the first stage 
was held at a constant 193 kPa gauge (28 psig). The 

35 final product out of the second stage was passed 
through a scrubber and then condensed to equilibrium 
at 4 °C, leaving only noncondensables. Concentration 
measurements of the feed, first-stage effluent, second- 
stage effluent, and the recycle stream were obtained via 

40 a gas chromatograph. Fresh propylene feed concentra- 
tion was held at B2 mole percent and the gas hourly 
space velocity held at 1800 hr 1 . 

EXAMPLE 1 -A 

4S 

[0053] A baseline experiment was run with a 303°C 
jacket temperature, 12.1 mole percent feed oxygen con- 
centration, 49.3 mole percent feed nitrogen concentra- 
tion, 30.0 mole percent steam concentration, and 0.3 

so mole percent feed propane concentration. Overall, the 
process was once-through only with no recyde. In the 
first stage, 90.5 percent of the feed propylene was con- 
sumed by the reaction. Of the propylene consumed, 
79.9 percent went directly to forming acrolein In the first- 

55 stage outlet. Overall, 72.3 percent of the propylene fed 
to the system ends up as the useful produd acrolein, 
while the rest is essentially lost. To make 3.6 standard 
liters perminut fslm") of acrolein, 5.3 slm of propylen 
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arer quir d.Thtoexp rim nt is representative of typical 
commercial op ration. 

EXAMPLE 1-B 

[0054] In comparison, a recycle process was run with 
a high concentration of propane at similar conditions of 
active ingredients. The experiment was run with a jacket 
temperature of 303°C, 14.1 mote percent feed oxygen 
concentration, 6.7 mole percent feed water concentra- 
tion, and 62 mole percent propane concentration. Es- 
sentially no nitrogen was in the feed. 98-99 percent of 
the secondetage noncondensable gases were returned 
to feed of the first stage to maintain constant pressure 
levels. In the first stage, 90.6 percent of the feed propyl- 
ene was consumed by reaction. Of the propylene con- 
sumed, 87.6 percent went directly to forming acrolein In 
the first-stage outlet Overall, 87.6 percent of the propyl- 
ene fed to the system ends up as acrolein. To make 3.6 
slm of acrolein, 4.4 slm of propylene is required. The 
experiment requires only 83 percent of the propylene 
required for once-through operation. 
[0055] The frnprovement in propylene utilization aris- 
es from two factors. The first is the nearly complete re- 
cycling of unreacted material back to the front of the re- 
actor. This accounts for 60 percent of the decrease in 
propylene requirements. The second factor is the pres- 
ence of the relatively high concentration of propane In 
the feed. This Increased concentration Increases the 
flowing heat capacity and reduced temperatures In the 
system considerably. Overall , this effect accounts for 40 
percent of the observed Improvement in propylene us- 
age. 

[0056] Propane is introduced to the process as an im- 
purity In the propylene feed. The propane levels of this 
experiment are consistent with 1-2 mole percent impu- 
rity level. Recycle operation makes economically viable 
the use of tower-purity propylene which can be more 
cost effective. 



.... Claims 

1 . A process for producing an unsaturated carboxyllc 
add having 3 to 5 carbon atoms per molecule com- 
prising 

(I) passing a feedstream comprising an alkane 
having 3 to 5 carbon atoms per molecule, oxy- 
gen and a recycle gas comprising the alkane, 
an alkene having the same number of carbon 
atoms as said alkane, oxygen and at least one 
of carbon monoxide or carbon dioxide to an 
alkene reaction zone wherein the feedstream 
Is contacted with an alkene reaction catalyst at 
conditions effective to promote the oxidation of 
th alkane to provide a first effluent str am 
comprising th alk ne, unreacted alkane and 



wat r, 

(If) passing the first fflu nt stream to an alde- 
hyde reaction zone wherein the first effluent 
stream is contacted with an aldehyde reaction 
* catalyst at conditions effective to promot th 

conversion of the alkene to an aldehyde having 
the same number of carbon atoms as said 
alkene to provide a second effluent stream 
comprising the aldehyde, the alkene and the al- 
to kane; 

(Hi) passing the second effluent stream to a car- 
boxylic acid reaction zone wherein the second 
effluent stream Is contacted with a carboxyllc 
acid reaction catalyst at conditions effective to 
" promote the conversion of the aldehyde to an 

unsaturated carboxyllc add having the same 
number of carbon atoms as said aldehyde to 
provide a third effluent stream comprising the 
aikene, the alkane, the unsaturated carboxyllc 
x> add and at least one of carbon monoxide or 

carbon dioxide; 

(iv) separating the third effluent stream Into a 
liquid product stream comprising the carboxyllc 
add and a recycle gas stream comprising said 

25 recycle gas; and 

(v) recycling at least a portion of the recycle gas 
stream to the alkene reaction zone to comprise 
a portion of said feedstream; 

30 wherein the recyde gas stream comprises an 

effective amount of the alkane to enhance the effi- 
ciency of the aldehyde formation in the aldehyde re- 
action zone. 

& 2. The process of claim 1 wherein the concentration 
of the alkane In the first effluent stream Is from 5 to 
70 mole percent of the alkane based on the total 
moles In the first effluent stream. 

40 3. The process of claim 2 wherein the concentration 
of the alkane in the first effluent stream is from 10 
to 60 mole percent of the alkane based on the total 
moles in the first effluent stream. 

« 4. The process of any one of dalms 1 to 3 wherein the 
alkane is isobutane, the aldehyde is methacrolein 
and the carboxyllc add is methacrylic add. 

5. A process according to any one of dalms 1 to 3 
90 wherein the unsaturated carboxyllc acid is acrylic 

acid, the alkane Is propane, the alkene is propylene 
and the aldehyde Is acrolein. 

6. The process of claim 5 wherein the propylene reac- 
« tlon zone and the acrolein reaction zone are com- 
bined in a single reactor. 

7. The proc ss of claim 6 wherein the propylene r ac- 
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tion catalyst end the acrolein r action catalyst ar 
commingled. 

6. The process of claim 6 wherein the propylen reac- 
tion catalyst and the acrolein reaction catalyst are 
contained within separate zones within said reactor. 



PetentansprQche 

1 . Verfahren zur Herstedung einer ungesattigten Car- 
bonsAure mit 3 bis 5 Kohlenstoffatomen pro Mole- 
kOI, umfassend: 

(i) FQhren einer Einspeisstrdmung, welche um- 
faBt: efn Alkan mlt 3 bis 5 Kohlenstoffatomen 
pro Molekfil, Sauerstoff und eln RQckfDhrgas, 
das das Alkan, eln Aiken mlt derseben Anzahl 
von Kohlenstoffatornen wie dieses Alkan, Sau- 
erstoff und wenlgstens eins von Kohlenmon- 
oxid oder Kohlendloxfd umf aBt, zu einer Aiken- 
reaktionszone, worin die Einspeisstrdmung mit 
elnem Alkenreaktionskatalysator bei Bedin- 
gungen kontaktiert wird, die zur Fdrderung der 
Oxidation des Alkans wtrksam slnd, urn elne er- 
ste Austrittsstrdmung zu liefem, die das Aiken, 
nicht-umgesetztes Alkan und Wasser umfaBt; 

(ii) FQhren der ersten Austrittsstrdmung zu ei- 
ner Aldehydreaktlonszone, worin die erste Aus- 
trittsstrdmung mit einem Aktehydreaktionska- 
talysator bei Bedingungen kontaktiert wird, die 
zur Fdrderung der Umwandlung des Alkens zu 
einem Aldehyd mlt derselben Anzahl von Koh- 
lenstoffatomen wie dieses Aiken wtrksam sind, 
urn elne zweite Austrittsstrdmung zu liefem, die 
den Aldehyd, das Aiken und das Alkan umfaBt; 
(Hi) FQhren der zwelten Austrittsstrdmung zu ei- 
ner CarbonsAurereaktionszone, worin die 
zweite Austrittsstrdmung mlt einem Carbon- 
sAurereaktlonskatarysator bei Bedlngungen 
kontaktiert wird, die zur Fdrderung der Um- 
wandlung des Aldehyds zu einer ungesattigten 
CarbonsAure mlt derselben Anzahl von Koh- 
lenstoffatomen wie dieser Aldehyd wtrksam 
sind, urn elne dritte Austrittsstrdmung zu lie- 
fem, die das Aiken, das Alkan, die ungesAttigte 
CarbonsAure und wenlgstens elns von Kohlen* 
monoxid und Kohlendioxid umfaBt; 

(iv) Trennen der dritten Austrittsstrdmung in el- 
ne flQssige Produktstrdmung, welche die Car- 
bonsAure umfaBt, und elne RQckfQhrgasstrd- 
mung, die dieses ROckfQhrgas umfaBt; und 

(v) RGcfcfuhren wenlgstens eines Teiles der 
Ruckfuhrgasstrdmung zu der Alkenreaktions- 
zone, urn elnen TeD dieser Einspeisstrdmung 
zu bilden; 

wob I die ROckfQhrgasstrdmung elne wirksam 



Meng des Alkans umfaBt, urn dl I IstungsfAhlg- 
k ltd rAldehydblldunglnd rAldehydreaktlonszo- 
n zu rhdhen. 

* 2. Verfahren nach Anspruch 1 , bei welchem die Kon- 
zentratlon des Alkans in der ersten Austrittsstrd- 
mung von 5 bis 70 Mol-% des Alkans, bezogen auf 
die Gesamtmote In der ersten Austrittsstrdmung be- 
tragt. 

to 

3. Verfahren nach Anspruch 2, bei welchem die Kon- 
zentration des Alkans in der ersten Austrittsstrd- 
mung von 1 0 bis 60 Mol-% des Alkans, bezogen auf 
die Gesamtmote in der ersten Austrittsstrdmung be- 

»* trfigt. 

4. Verfahren nach einem der AnsprQche 1 bis 3, bei 
welchem das Alkan Isobutan 1st, der Aldehyd Me- 
thacrclein 1st und die CarbonsAure MethacryisAure 

*> 1st. 

5. Verfahren nach einem der AnsprQche 1 bis 3, bei 
welchem die ungesAttigte CarbonsAure AcrylsAure 
1st, das Alkan Propan 1st, das Aiken Propylen ist und 

& der Aldehyd Acrolein ist 

6. Verfahren nach Anspruch 5, bei welchem die Pro- 
pylenreaktionszone und die Acroleinreaktionszone 
In einem einzigen Reaktor komblniert slnd. 

30 

7. Verfahren nach Anspruch 6, bei welchem der Pro- 
pylenreaktionskatalysator und der Acroleinreakti- 
onskatalysator miteinander vermtecht sind. 

as 8. Verfahren nach Anspruch 6, bei welchem der Pro- 
plyenreaktionskatalysator und der Acrolelnreaktl* 
onskatalysator Innerhalb getrennter Zonen In dte- 
sem Reaktor ertthalten sind. 

40 

Revendlcations 

1 . Precede permettant de preparer un aclde carboxy- 
Oque Insature dont la molecule comporte 3 A 5 ato- 
45 mes de carbone, tequel precede comporte : 

a) le fait de falre passer un courant cf alimenta- 
tion comprenant un aicane dont la molecule 
comporte 3 A 5 atomes de carbone, de foxyge- 

50 ne et un gaz de recyclage, ce dernier etant 

constitue dudit aicane, d*un alcene dont la mo- 
lecule comporte le memo nombre cfatomes de 
carbone que celle dudit aicane, cfoxygene et 
d'au mofn8 Tun des monoxyde de carbone et 

55 dioxyde de carbone, dans une zone de reaction 

de formation cfalcene oti tedit courant d'alime n- 
tation est mis en contact avec un catalyse urde 
formation cfalcene, dans des conditions appro- 
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prie s pour promo uvolr efftcacement I'oxyda- 
tfon d Palcan et foumlr un preml r courant 
<f ffluent comportant de ralc6ne. de ralcan 
qui n'a pas reagi tdePeau; 

b) le fait de fatre passer ce premier courant (fef- 5 
fluent dans une zone de reaction da formation 
d'aidehyde ou II eat mis en contact avec un ca- 
talyseur de formation d'aidehyde, dans des 
conditions epproprtees pour promouvoir eff tea- 
cement la conversion de r alcana en un aldehy- 1 o 
de dont la molecule comporte le meme nombre 
d'atomes de carbone que celle dudit alcana et 
foumlr un deux! erne courant d'effluent compor- 
tant de PaWehyde, de Palcene et de Palcane ; 

c) le fait de faire passer ce deuxleme courant is 
d'effluent dans une zone de reaction de forma- 
tion tfacide carboxylique oti II est mis en con- 

■ tact avec un catalyseur de formation tfacide 
carboxylique, dans des conditions appropriees 
pour promouvoireffbacement la conversion de 
I'aldehyde en un acide carboxylique Insature 
dont la molecule comporte le meme nombre 
d'atomes de carbone que celle dudit aldehyde 
et foumlr un troisieme courant d'effluent com- 
portant de I'adde carboxylique Insature, de rat- » 
cane, de Palcane et au moins I'un des monoxy- 
de de carbone et dioxyde de carbone ; 

d) le fait de separer ce troisieme courant d'ef- 
fluent en un courant liqulde de produit compor- 
tant P acide carboxylique et un courant gazeux so 
de recyclage comportant ies constituents dudit 
gaz da recyclage ; 

e) et le faft de renvoyer au moins une partie du- 
dit courant gazeux de recyclage dans la zone 

de reaction de formation d'eJcene, pour qu'elle ss 
y constttue une partie dudit courant 
d'alimentation ; 

ledit courant gazeux de recyclage compre* 
nant de I'alcaneen unequantite sufflsante pour que 40 
soft effectivement renf once le rendement de la reac- 
tion da formation d'aidehyde dans ladite zone de 
reaction da formation d'aidehyde. 

2. Proced* conforme a la revendicatlon 1 , dans lequel « 
la concentration dudit alcane dans le premier cou- 
rant d'effluent vaut de 5 a 70 % en moles, par rap- 
port au nombre total de moles des constituents du 
premier courant d'effluent. 

so 

3. Procedd conforme a la revendicatlon 2, dans lequel 
la concentration dudit alcane dans le premier cou- 
rant d'effluent vaut de 1 0 a 60 % en moles, par rap- 
port au nombre total de motes des constituants du 
premier courant d'effluent » 

\ Procedd conforme a Puna des r v ndlcatlons 1 a 3, 
dans lequ I Palcan st rteobutane, I'aldehyd st 



la methacroteine, et Pacld carboxyllqu stfacid 
methacryliqu . 

5. Precede conforme a Pune des r v ndications 1 a 3, 
dans lequel Padde carboxylique insature est f acide 
ecrylique, Palcane est le propane, Palcene est le 
propylene, et raldehyde est I'acrolelne. 

6. Precede conforme a la revendicatlon 5, dans lequel 
la zone de reaction de formation de propylene et la 
zone de reaction de formation d'acroleine sont Join- 
tes en un seul reacteur. 

7. Precede conforme a la revendlcau'on 6, dans lequel 
le catalyseur de formation de propylene et le cata- 
lyseur de formation d'acroleine sont meles ensem- 
ble. 

8. Precede conforme a la revendication 6, dans lequel 
la zone de reaction de formation de propylene et la 
zone de reaction de formation d'acroleine se trou- 
vent dans des regions distinctes a Plnterieur dudit 
reacteur. 
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